Objective-To investigate the effects of epigallocatechin gallate (EGCG), an extract of green tea on cultured human leiomyoma cells (HuLM).
INTRODUCTION
Uterine fibroids (leiomyomas) of the human myometrium are a major women's health problem. They are clinically apparent in at least 25% of those of reproductive age (1, 2) . These benign tumors cause considerable morbidity, including prolonged or heavy menstrual bleeding, and in some cases, reproductive dysfunction. Higher incidence of symptomatic leiomyomas in African American women compared to white women, have been reported by us and others (3) (4) (5) . Uterine fibroids are the leading cause of hysterectomy in premenopausal women, because other non-surgical treatment modalities to reduce fibroid-associated symptoms are scarce. Side-effects limit the long-term use of effective medications such as GnRh agonists (6) . An orally administered compound that can effectively and safely reduce or eliminate fibroid-associated symptoms will be a welcome addition and will have a major favorable impact on women's health.
Tea is the most popular beverage in the world and consists of three major commercial types: green, black and oolong tea. Polyphenols, the majority of chemical composition of tea, show diverse chemical and biological activities, including modulation of key enzymes such as mitogen-activated protein kinases and protein kinase C (7). These compounds also regulate expressions of cyclins, oncogenes, and tumor suppressor genes at the DNA, RNA, and protein levels (8, 9) .
Epigallocatechin gallate (EGCG), the principal catechin, comprises >40% of the total polyphenolic mixture of green tea catechins and represents 150 mg in a single brewed cup of green tea (9) . Catechines are a group of bioflavonoids that exhibit antioxidant and antiinflammatory capacity. Chemically, catechines are polyhydroxylated with water soluble characteristics (10) . EGCG exhibits various biological activities including potent antioxidant and anti-inflammation capacity (11) . Previous studies have shown that EGCG inhibited the growth of various human cancer cells such as epidermoid carcinoma cells (12) , hepatoma cells (13) , prostate carcinoma cells (14, 15) , breast cancer cells (16) and myeloid leukeamic cells (17) . In this study, we wanted to evaluate the effect and potential mechanisms of EGCG action on human leiomyoma (HuLM) cells.
MATERIAL AND METHODS
Smooth muscle cell basal medium were purchased from Lonza (Walkersville, MD, USA). EGCG was from Sigma (St. Louis, MO). RNease kit was purchased from Qiagen (Qiagen, Valencia, CA). RT first strand kit, superarray RTqPCR master mix and human signal pathway finder were purchased from SuperArray Bioscience Corporation (Frederick, MD). All other chemicals and biochemicals were of the highest quality available from commercial resources.
Cell Culture
The human uterine leiomyoma (HuLM) cell line was a gift from Dr. D. Dixon (National Institute of Environmental Health Sciences, Research Triangle Park, NC) (18, 19) . These cells are a representative cell model of HuLM. and have no phenotypic alteration from immortalized and parental leiomyoma, and myometrial cells.
These HuLM cells express both estrogen receptors and progesterone receptors, and are negative for mutant p53 protein as well. This cell line has been used extensively in various HuLM research by our group and others (20) (21) (22) . HuLM cells were cultured in SmBM medium supplied with 5%FBS, 0.1% insulin, 0.2% hFGF-B, 0.1% GA-1000 and 0.1% hEGF (Lonza, Walkersville, MD, USA). The cells were maintained at 37°C in a humidified atmosphere of 5% CO 2 and 95% air.
EGCG Dosage Experiments
EGCG dissolved in distilled water and filtered through 0.22µm filter as a 10mM stock solution and stored at −20°C. For cell proliferation assay, the cells were plated at a density of 2×10 5 cells/well in 6-well plates and grown under conditions mentioned above. The monolayer cultures at approximately 70% confluence were treated with various concentrations (0, 0.1, 1.0, 10, 50, 100 and 200µM) of EGCG for 7 days. Culture media were changed every other day. For western blotting assay, HuLM cells were seeded in a range of 1×10 6 cells/100mm dish. After 24 h the cells were treated with EGCG at concentrations indicated above. Following 48 h EGCG treatment, the cells were lysed with RIPA buffer (Sigma, St. Louis, MO). The concentrations of proteins were determined using BCA Protein Assay Kit (Thermo Fisher Scientific, Rockford, IL).
HuLM Cell Morphological Evaluations
Cell morphological evaluation was performed under a Nikon Eclipse TS-100 phase-contrast microscope when cells reached 70% confluence following EGCG addition at various (ascending) concentrations. Photographs were taken at desired time interval.
Cell Proliferation Assay
To evaluate cell proliferation, DNA content was measured using the fluorometric method as we have described previously (21) . Briefly, HuLM cells (5×10 3 cells/well) were plated in sixwell plates. The cells were allowed to attach overnight at 37°C, and then the cells were treated with desired concentration of EGCG. On day 1, 3, 5, and 7 after EGCG treatment, medium was aspirated and rinsed twice with ice cold PBS. One milliliter of distilled water was added into each well and stored at −20°C to allow the cell lysis. Cell lysates were collected and stained with Hoechst 33258 dye solution (1 µg/ml, Sigma, USA). The emission spectrum of the mixture was determined for an excitation at 365 nm by measuring fluorescence emission of 458 nm using plate reader. The standard curve was determined using a known concentration of calf thymus DNA (Sigma, St. Louis, MO).
TUNEL Assay
EGCG Treated HuLM Cells were stained for TUNEL to detect apoptosis. HuLM cells were seeded onto BioCoat CultureSlide (BD Bioscience, San Jose, CA) and treated with 100 µM of EGCG or vehicle for 48 h. This dose of EGCG was selected based on our preliminary cell morphology and dose range evaluations as well as literature on prior studies with cancer cells (17, 18) . Apoptosis in HuLM cells was determined by the TUNEL technique using the DeadEnd Fluorometric TUNEL System (Promega, Madison, WI). The slides were fixed in 4% formaldehyde (methanol-free) solution. Slides were then incubated in equilibration buffer followed by rTdT incubation buffer containing nucleotide mix and rTdT enzyme at 37°C for 1 h. The reaction was terminated with 2× SSC buffer. Positive control reaction was performed using 10 units/ml DNase I (Sigma) treated slides; the negative control reaction was done by omitting the rTdT enzyme. The apoptotic nuclei were stained by 1 µg/ml of propidium iodide solution (Sigma). Slides were examined under an Eclipse TE2000-S, fluorescence microscope (Nikon, Melville, NY). The number of positive cells (green fluorescence) in four fields of each slide was counted with 200× magnification. Images were captured and merged using Nikon Advanced Research Imaging Software available at the Meharry Morphology Core (supported by NIH grant U54NS041071).
RNA Isolation and RT Profiler PCR Array
To explore the expression of representative genes under EGCG treatment, HuLM cells were treated with either 100µM EGCG or vehicle (control) for 48 h. The 100µM EGCG was selected based on our dose-range observation of morphological changes and antiproliferative effects with HuLM cells. Total RNA was isolated from treated and control cells and used for RT Profiler PCR Array. Cultured cells were lysed in buffer containing β-mercaptoethanol and processed for RNA extraction using the RNAeasy column. One microgram of total RNA was used for reverse transcription using the RT first strand kit. Gene expression profiling was performed using commercial cDNA arrays from SuperArray (Cat No.: PAHS-014A, SuperArray, Inc., Frederick, MD) that contains 84 key genes representative of 18 different signal transduction pathways. The PCR reactions were carried out in a final volume of 50µl. The standard cycling condition was 50°C for 2 minutes, 90°C for 10 minutes, followed by 40 cycles of 95°C for 15 seconds and 60°C for 1 minute. Fold units were calculated dividing the expression fold changes of the candidate genes by the expression fold changes of the reference genes, using the comparative threshold cycle (Ct) method (23) . Using cut-off criteria, a 2.0 fold induction or repression in expression were considered to be of biological importance.
Western Blotting for PCNA, CDK4, BCL2 and BAX
PCNA, CDK4, BCL2 and BAX protein levels were detected by western blot analysis. Equivalent amounts of protein extracts, from HuLM cells treated with various dosage of EGCG were separated by NuPAGE Novex 10% Bis-Tris Gel (Invitrogen Life Technologies, Carlsbad, CA) under a reducing condition using 200V for 50 min, as we have described earlier (20) . The proteins were then electrophoretically transferred onto PVDF membranes (Millipore Corp., Billerica, MA) using the XCell II Blot Module (Invitrogen Life Technologies, Carlsbad, CA). After blocking nonspecific binding sites by incubation for 1 h with PBS containing 5% fatfree milk and 0.1% Tween 20, the membranes were incubated with the primary antibodies overnight at 4°C. Immunological detection was performed using the following primary antibodies human proliferation cell nuclear antigen (PCNA) (1:500 dilution), BCL2 (1:200 dilution), Bax (1:500 dilution) (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) and Cdk4 (1:1000 dilution, Sigma, St. Louis, MO). The membranes were then incubated for 1 h with horseradish peroxidase conjugated secondary antibodies diluted 1:5000 with blocking buffer. The antigen-antibody complexes were detected with the ECL chemiluminescence detection system (Amersham Bioscience, Piscataway, NJ, USA). The membranes were reprobed with a monoclonal antibody raised against beta-actin (diluted1:5000, Sigma, St. Louis, MO) as an internal control for protein loading and normalization between samples. Films exposed to blots were scanned and optical densities of the band signals were quantified.
Statistical Analysis
All data were expressed as the mean ± SD of the values obtained from three replicates. Statistic significance was determined using ANOVA. A difference with p< 0.05 was concerned statistically significant.
RESULTS

Effects of EGCG on Cell Morphology in HuLM Cells
The general morphology of HuLM cells incubated with varied concentration of EGCG is shown in Figure 1 . HuLM cells displayed fibroblast-like morphology and appeared healthy in complete medium. The figure shows that the cells were well spread, and there was no distinct change in morphology relative to control cells even after 48 h of incubation with 10 µM EGCG (Fig. 1a, b) . However, obvious changes occurred when HuLM cells were treated with ≥50 µM EGCG. Within 48 h of exposure to EGCG at concentrations of ≥50 µM, the cells became less confluent, with visible apoptotic vesicles. (Fig. 1c-f ).
Antiproliferative Effects of EGCG on HuLM cells
There was a gradual decrease in the DNA content throughout the 7-days culture period for leiomyoma cells treated with ≥ 10µM EGCG. The inhibitory effects on HuLM cells were detected at EGCG concentrations of 50 µM and above, by day-3 post treatment while the lower 10 µM EGCG dosage required 5 day treatment to exhibit similar inhibition of proliferation. At 200µM EGCG significantly reduced cell proliferation by 45% after 24 h of treatment, compared with untreated control (p<0.05). The inhibitory effect of ≥ 50µM EGCG on or after 3 days, and 10 µM EGCG after 5 days was statistically significant (p<0.05) (Fig. 2) .
Proapoptosis effect of EGCG on HuLM Cells
The inhibitory effect of EGCG on HuLM cells via induction of apoptosis was confirmed by TUNEL staining (Fig. 3) . Examination under microscope showed some apoptotic nuclear condensation with green fluoresence, while no membrane blebbing visible. The number of apoptotic cells was about 54.8 % ± 15.4% after 100 µM EGCG treatment and 17.1% ± 9% positive cells per field in untreated control (p<0.05).
EGCG Modulate Gene Expression through Multiple Signaling Pathways
EGCG significantly altered the expression of multitude of genes related to several cellular pathways including the survival pathway, stress pathway, NFκB pathway, phospholipase C pathway and p53 pathway. Figure 4 , gives the normalized data, for the genes that showed minimum two fold change of up-or down-regulation. It is apparent that the EGCG modulated the expression of at least fifteen genes, from a total of 84 tested, which belong to multiple signal pathways. EGCG inhibited the expression of BCL2, BCL2A1 and Cyclin D1, while enhancing the expression of the genes encoding Cyclin Dependent Kinase Inhibitors (CDKN1A, CDKN2B), MDM2 and tumor protein p53 inducible protein 3 (TP53I3). EGCG dramatically enhanced expression of bone morphogenetic protein 2 (BMP2) and heat shock factor 1 (HSF1) at 14.1-and 16.2-fold higher than control, respectively. Intriguingly, EGCG altered the expression of several individual genes within the Wnt pathway, i.e., increased the expression of vascular endothelial growth factor A (VEGFA), while decreasing the expression of cyclin D1 and lymphoid enhancer-binding factor 1 (LEF1).
EGCG treatment induces pro-apoptosis, and inhibits proliferation-associated genes in HuLM Cells
To further confirm the effects of EGCG on signal transduction, HuLM cells were cultured in the presence or absence of the corresponding concentrations of EGCG for 48 h (Fig. 5) and were assessed by western blotting, for PCNA, Cdk4, Bcl-2 and Bax expression as representatives of cell proliferation, cell cycling, and apoptosis, respectively. EGCG at concentration of 50µM or higher significantly decreased the expression of PCNA (Fig. 5A) , Cdk4 (Fig. 5B) , and Bcl-2 (Fig. 5C ), in comparison to untreated control culture (p<0.05). Additionally, EGCG increased the expression of the proapoptotic Bax protein at 100 µM and 200 µM, compared with untreated control culture (p<0.05, Fig. 5D ).
DISCUSSION
Uterine fibroids are the most common benign tumor of the female genital tract. Recent longitudinal studies have estimated that the lifetime risk of fibroids in a woman over the age of 45 years is more than 60% (24) . There are currently no effective, long-term orally administered drug therapies for leiomyomas (2) .
A number of recent studies have found that EGCG could inhibit proliferation of several cancer cells (12) (13) (14) (15) (16) 25) . In the present study, HuLM cell line is used to evaluate the antitumor effects of EGCG. We have shown that antiproliferative effects of EGCG were both time-and dosedependent. EGCG at 50µM and above significantly inhibited the growth of HuLM cells as early as 72h of incubation, while there was no significant difference in either the morphology or proliferation at 1µM and lower concentration at same time points. The inhibitory effect of 10 µM EGCG on HLM cells was not significant until 5 days post-treatment. However these levels are within physiologically achievable range (26) The signal transduction pathway by which EGCG exerts cell cycle arrest and induction of apoptosis remains to be clarified. Several mechanisms of cell-cycle arrest by EGCG have been postulated (8) . The D-type cyclins, through the interaction with CDKs-forming cyclin d1-CDK4/6 complexes, are mainly responsible for driving the cell cycle from G1 to S phase (12) . In the present study, we demonstrate a significant decrease in the expression of CDK4 and PCNA in EGCG treated HuLM cells. The induction of apoptosis by 100 µM EGCG treatment on HuLM cells was revealed by TUNEL assay. It is consistent with the changes in BCL2 at RNA and protein levels. The BCL family includes proapoptotic members such as BAX and antiapoptotic members such BCL-2. Antiapoptotic BCL-2 members act as repressors of apoptosis by blocking the release of cytochrome-c, whereas proapoptotic members act as promoters. BCL2 is over-expressed in many tumors, including leiomyoma, that cause resistance to chemotherapeutic drugs and radiation therapy, while decreasing BCL2 expression may promote apoptotic responses to anticancer drugs (27) . These effects are more dependent on the balance between BCL2 and BAX than on BCL2 quantity alone (28). We found that the level of BCL2 protein was significantly down-regulated while BAX was up-regulated in a dose-dependent manner, when HuLM cells were incubated with ascending concentration of EGCG. Quantitative RT-PCR results showed that BCL2 and BCL2A1 mRNA was significantly down regulated after EGCG treatment. These changes contributed synchronously to the EGCG-induced apoptosis in HuLM cells. Additionally, EGCG-treated HuLM cells exhibited increased expression of several genes that represent p53 pathway such as BAX, p21, transformed 3T3 cell double minute 2 (MDM2) and TP53I3. As a transcription factor, p53 regulates downstream genes important in cell cycle arrest, DNA repair, and apoptosis. Loss of p53 in many cancers leads to genomic instability, impaired cell cycle regulation, and inhibition of apoptosis. (29) .
Studies have shown that EGCG induces apoptosis and growth inhibition of cancer cells, but not normal cells (31, 32) . EGCG was shown to reduce NFκB levels in human epidermoid carcinoma; cells at a much lower dose than an equivalent inhibition in normal human epidermal keratinocytes (32) . The mechanism of these different effects underscores a therapeutic window demonstrated by EGCG, where the inhibitory effects were only observed in tumor cells. Our results also showed that the expression of bcl2A1, a key factor in NFκB pathway, was reduced 11.8-fold in 100µM EGCG treated huLM cells, compared to untreated control.
Of 18 pathways, we found the expression of 15 genes that represent 10 pathways changed significantly (Figure 4) , while remaining 8 pathways did not show significant changes in this study. Impressively, the expression of BMP2 gene in EGCG-treated HuLM cells in our study was 14 fold more than untreated control. BMPs are members of the transforming growth factorbeta superfamily which regulate cell differentiation, proliferation and apoptosis. The BMPsignaling network plays a pivotal role during embryogenesis and tumorigenesis. Prior studies found that BMP2 acts as a tumor suppressor, promoting apoptosis in human primary colonic epithelial cells (33) . Another report demonstrated that the effect of BMP signaling and growth suppression in cancer cells was facilitated by CDKN1A. Additionally, loss of BMP2 is related to progression towards aggressive phenotype of prostate cancer (34) . HSF1, which regulates transcription of heat-shock genes induced by stress, was 16 fold higher in EGCG-treated HuLM cells than the untreated control. HSF1 is increasingly implicated in cancer, and earlier studies have found that over-expressing a constitutively activated form of HSF1 could sensitize HeLa cells to Fas-mediated killing (35) . The implication is that upregulation of the expression of HSF1 in tumor cells, either through pharmacologic or genetherapy approaches, could sensitize tumors to the killing effects of cancer therapies operating through the Fas receptor. Interestingly, HSF1 binds to the corepressor metastasis-associated protein 1 (MTA1) and participates in the repression of estrogen-dependent transcription in breast carcinoma cells (36) . This repression effect of HSF1 may conceivably contribute to the role of EGCG in the treatment of leiomyoma, which is another example of estrogen-dependent tumors (2) .
Although higher concentration of EGCG displayed more profound antiproliferation effects on HuLM cells, it is impractical to expect such high plasma levels of EGCG to be achieved in vivo. The fact that a significant inhibitory effect on HuLM cells was detected at doses of EGCG as low as 10µM is encouraging. Such levels are achievable in plasma and tissue by regular consumption of brewed green tea or EGCG supplement (9, 26) . Theoretically, the maximum blood concentration of EGCG may reach 60 µM after drinking a cup of tea (9) . A previous study, however, reported that peak plasma EGCG levels of 200-400 ng/ml (0.4-0.8 µM) can be achieved after the oral administration of 800 mg EGCG (equivalent to 3-4 cups of green tea) daily in healthy individuals (37) . The reason could be due to the instability of EGCG and metabolic transformation such as methylation (38) . A wide range of EGCG doses (0.5-10mM) have shown antitumor effects in animal studies (39) . Besides inhibiting tumor cells directly, EGCG at lower concentration may trigger other multiple pathways to suppress tumor growth indirectly. We have recently confirmed such observation in a nude mouse model of uterine fibroids treated daily with EGCG added to drinking water (unpublished data).
In this report we demonstrate that the antiproliferative effect of 10 µM EGCG on HuLM cells occurred after 5 days which suggests that such intervention in humans might be more suited for regular use over a prolonged period of time. Thus, such intervention would be an option more appropriate for slowly growing benign tumors such as uterine fibroids, where a decrease in tumor burden but not necessarily complete eradication is sufficient to produce significant clinical improvement.
Based on the down-regulation of BCL2 and up-regulation of BAX at both protein and mRNA levels, we suggest that the altered expression of BCL2 family members, could be key in the EGCG-mediated induction of apoptosis HuLM cells. Down-regulation of CDK4 protein may also contribute to the cell cycle arrest effects of EGCG, because down-regulation of both cyclin D1 mRNA and cdk4 protein could lower the kinase activities associated with cyclin Dl-CDK4 complexes, leading to cell-cycle arrest. This was evident by the significant reduction of cyclindependent kinase 2 (CDK2), and increase in cyclin-dependent kinase inhibitor 1A (CDKN1A, p21) at mRNA levels after EGCG treatment.
In conclusion, this current study demonstrate for the first time a growth inhibition and apoptosis induction effect of EGCG in HuLM cells, and suggests that such effects are mediated through the modulation of multiple cellular signaling pathways. Pending further in vivo evaluation, this nutritional supplement can potentially be used as a simplified oral alternative for the prevention or treatment for uterine fibroids. Western blot analysis detecting the effects of various EGCG concentrations on pro-apoptosis and proliferation-associated genes in HuLM cells. EGCG, at 50µM or higher concentration significantly decreased the expression of PCNA (A), Cdk4 (B), and Bcl-2 (C), in comparison to untreated control culture (p<0.05). EGCG increased the expression of the proapoptotic Bax protein at 100 µM and 200 µM, compared with untreated control culture (p<0.05) (D). Representative western blots of PCNA, Cdk4, Bcl-2, Bax are shown with β-actin probed for normalization. Data are representatives of two independent experiments. Representative pictures of PCNA, Cdk4, Bcl-2, Bax and β-actin. β-actin was used as loading control. *Indicates
